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Biphoton wavefunctions
In Supplementary Figure 1 , we show the magnitudes of the biphoton wavefunctions (BPFs) of all the eight SFWM processes (see equation (3) of the main article) in the 700-nm-wide and the 1,200-nm-wide waveguides, both with a waveguide length of 4.5 mm. The two waveguides represent the limiting cases of generating highly-polarization-entangled photon pairs: the 700-nm-wide waveguide is limited by the temporal walk-off (though not directly obvious in Supplementary property provides the optimal balance between the temporal walk-off and state factorizability, which is confirmed both in the calculation and experimentation.
Supplementary Figure 2 . Magnitudes of the biphoton wavefunctions of the eight SFWM processes as a result of orthogonally polarized pumps in the 1,100-nm-wide waveguide, which is the best performer in the current experiment.
State tomography measurement
Here, we show reconstructed density matrices from all the waveguides of the experiment. The density matrices are computed from the mean over a thousand instances of results from the maximum-likelihood state tomography with a Poisson randomization over the measured coincidence counts. In addition, when projecting the state onto the |HH〉 or |VV〉 we could measure the coincidence-to-accidental ratio (CAR) of the co-polarized SFWM processes, i.e. HHHH=TE and VVVV=TM cases. The CAR of the TE and TM modes is shown in Supplementary Figure 10 . The error is calculated from the measured coincidence and accidental counts according to the formula CAR = C/A. The CAR decreases in wider waveguides because the pump power was increased in order to maintain the photon pair generation rate in the quantum state tomography. Supplementary Figure 10 . Coincidence-to-accidental ratios of co-polarized SFWM processes (HHHH=TE and VVVV=TM) as a function of waveguide widths while the polarization-entangled state rate is maintained across the waveguides.
Supplementary

Predicting true coincidence and accidental counts
Given the theoretically predicted density matrix ρ and the state production rate µ, the true coincidence counts can be 
Comparison of phase matching in χ (2) and χ (3) processes
In this section, we compare the phase matching condition, in particular the phase mismatch Δk , of the photon pair generation via the second-order χ (2) process and the third-order χ (3) process in a AlGaAs waveguide with a geometry similar to our waveguides in this study. For both processes, the power of the down-converted photon is proportional 2 to sinc 2 ΔkL 2 ( ) ,
and it drops to a half when ΔkL 2 = 1.39 . The phase mismatch of the χ (2) process can be estimated using a reported second harmonic generation in Duchesne et al 3 . Using the same waveguide length L of 5 mm as in ours, the phase mismatch of the χ (2) process increases from 0 to 556 m -1 when the pump wavelength is detuned from its perfect phase matching condition by about 0.5 nm. For the χ (3) process in our work, we apply the formula Δk = k 
